The Chilean Ministry of Health legislated to add folic acid (2.2 mg/100 g) to wheat flour to reduce the risk of neural tube defects (NTD), beginning in January 2000. This policy resulted in a significant increase in serum and red blood cell folate in women of childbearing age 1 year after fortification. The frequency of NTD was studied in all births, both live and stillbirths, in a prospective hospital-based design including 25% of national births during 1999-2000 (prefortification period) and 2001-2002 (postfortification period). During the prefortification period, there was a total of 120,566 newborns, and the NTD rate was 17.1/10,000 births. During the postfortification period (2001)(2002) there was a total of 117,704 newborns, and the NTD rate was significantly reduced by 43% to 9.7/10,000 births (RR = 0.57; 95% CI, 0.45 to 0.71). This implies a reduction of 43% in the rate of NTD. The costs per NTD case and infant death averted were 1,200 international dollars (I$) and I$11,000, respectively. The cost per disability-adjusted life year (DALY) averted was I$91, or 0.8% of the country's per capita GDP. On the overall, fortification resulted in net cost savings of I$1.8 million.
Background
Anemia is a condition which is seen in the most severe phase of folate deficiency. Up until the 1990s, recommended intakes of folate were based on the prevention of anemia, especially during pregnancy. Since then, the evidence has shown that low folate intakes that are not yet sufficient to cause anemia are nevertheless associated with important negative effects on health. Today, these low folate intakes are common in people consuming limited and unvaried diets all over the world. Conclusive evidence shows that when folate intake increases, there are important health benefits. For example, most neural tube defects (NTD) can be prevented by the periconceptional ingestion of folic acid [1, 2] . Furthermore, blood folate concentrations that are adequate to prevent anemia are still associated with an increased risk of NTD [3] , and formerly acceptable red cell folate levels may now be associated with an increased risk of cardiovascular disease and stroke [4] . It is also known that serum and red blood cell folate levels on the lower end of the normal range appear to increase the risk of colorectal cancer [5] .
Based on this growing new evidence, the current goal of preventing folate deficiency is not only to prevent anemia, but also to prevent birth defects such as NTD, and to probably decrease the risk of cardiovascular and cerebrovascular diseases and of some types of cancers. The strong scientific data related to the increase of folic acid intake and reduction of NTD risk has been translated into public health policies in the form of international recommendations, all of which agree that all women of childbearing age should increase their intake of folate to reduce the risk of having a baby with NTD [6, 7] .
The present challenge is to implement adequate strategies to prevent NTD at the population level. Several developed countries have implemented policies concerning supplementation and food fortification in order to increase folate intake among women of childbearing age. To date dietary changes and prophylactic supplementation with folic acid in these countries have S232 E. Hertrampf and F. Cortés shown limited impact [8] [9] [10] [11] ; however, food fortification has been shown to be effective in the prevention of NTD [12] [13] [14] [15] . In less-developed countries, food fortification appears to be the most potentially successful intervention to increase folate intake.
In this paper, a review of the experience of the mandatory folic acid fortification of wheat flour recently introduced in Chile and its public health impact on the population will be presented. This experience could serve as a case study for the Latin American Region and other parts of the world.
How to increase folate intake
Increasing folate intake through dietary sources is unlikely to sufficiently increase a woman's folate concentrations to levels needed to reduce the risk of a NTD-affected pregnancy. The bioavailability of natural folate is only half that of folic acid ingested through supplementation or fortification. It became obvious that women with the highest risk of NTD are unlikely to obtain adequate amounts of natural folate from foods, so they should be encouraged to take a periconceptional folic acid supplement or to consume foods fortified with folic acid in order to increase their folate intake. The use of supplements as a public health measure has not been effective in preventing NTD. In the United States [9] , the United Kingdom [10] , and the Netherlands [11] , where around 50% of the pregnancies are planned, even with aggressive communication and educational campaigns, fewer than 40% of women consume folic acid supplements during their periconceptional period. These data indicate that folic acid awareness has not yet been translated into a behavioral change. In developing countries, the coverage can be expected to be even lower due to the lack of resources for educational campaigns, low compliance, and lack of access, information, and services for periconceptional folic acid supplementation. On the other hand, fortification of cereals with folic acid has shown significant increases of blood folate levels [12, 13] and also significant reductions in NTD frequencies in the United States and Canada [14, 15] . Recently, PAHO/MOD/CDC recommended guidelines to select the optimal level of folic acid fortification, taking into consideration nutritional requirements, consumption level of the food vehicle, and costs in order to optimize fortification programs [16] .
Folic acid fortification of wheat flour in Chile
In several countries, congenital anomalies have become a more important cause of infant morbidity and mortality as a result of a decrease in the prevalence rates of infectious diseases and nutritional problems during childhood. This is the case in Chile, where infant mortality is 7.8/1,000 [17] . Congenital malformations are the second cause of infant mortality in Chile, after prematurity. NTD incidence is on the order of 1.7/1,000 live births, according to the ECLAMC (Spanish acronym for Latin American Collaborative Study on Congenital Malformations) registry, and these rates did not change between 1967 and 1999 [18] . Thus, an estimated 400 babies affected with NTD were born every year during this time period. In Chile, termination of pregnancy and therapeutic abortion are not permitted by law. The high cost of lifetime medical attention for a patient with spina bifida and the incalculable emotional cost on the family have determined NTD to be a major public health problem in the country. A group of academics, program planners from the Ministry of Health, and people from the local mill industry identified folic acid fortification of wheat flour as a promising strategy for increasing folic acid intake in the population. This assumption was based on several reasons: 1) Wheat flour is a staple food in Chile. 2) Milling for bread-making corresponds to 90% of the total wheat flour consumed, and more than 70% of the wheat flour is used for making marraquetas and hallulla, the types of breads that are typically consumed by Chileans (70 g of wheat flour/100 g of bread). 3) Mills are technologically developed, and quality assurance systems for the fortification process are already in place. These features have permitted the successful fortification of wheat flour with iron as ferrous sulfate (30 mg/kg), thiamine (6.3 mg/kg), riboflavin (1.3 mg/kg), and niacin (13.0 mg/kg) since the year 1951 [19] . 4) The mean intake of wheat flour as bread in Chile is high, approximately 200 g/day [20] . 5) Regulatory monitoring is conducted on a permanent basis by the Institute of Public Health at the premix vendor and mill levels. 6) The cost of adding folic acid to the premix is low (approximately US$0.15/ton of wheat flour), so it could be absorbed by the milling industry [21] . 7) The total cost of rehabilitation for one child affected with spina bifida in Chile was roughly estimated at US$120,000 (from birth to 18 years of age), and the cost of adding folic acid was estimated at US$175,000/year [22] . Hence, preventing one case of spina bifida per year significantly offsets the costs of fortification for the entire year.
As of January 2000, the Chilean Ministry of Health decreed that folic acid be added at a level of 2.2 mg/kg to the premix that was currently used in wheat flour. This policy, based on bread consumption by the target group, was expected to result in a mean additional intake of approximately 400 µg/day in women of childbearing age (15 to 44 years). It is important to note that other folic acid-fortified foods, such as breakfast cereals, are scarce, economically out-of-reach for most of the population, and not culturally accepted. Furthermore, there is very little, if any, consumption of folic acid supplements. Therefore, bread fortified with folic S233 Folic acid fortification program in Chile acid would be the main source of intake of this nutrient, thus benefiting the entire population.
Evaluation of the impact of the folic acid flour fortification program
The situation described above provided a great opportunity to assess the effectiveness of the folic acid flour fortification program for the reduction of the risk of NTD in a population with characteristics different from developed countries. Therefore, an evaluation was prospectively undertaken before and after the implementation of the program in Chile to assess the effectiveness of the flour fortification program in increasing bread folate content and improving folate status in women of childbearing age, and reducing the frequency of NTD in the population.
Folic acid content of bread
The Institute of Public Health of the Ministry of Health regularly monitors the levels of iron and B vitamins in wheat flour, but until recently it could not monitor the folic acid content because an adequate methodology for monitoring purposes was not yet available. Only during year 2005, with the support of GAIN, was this critical gap filled in the regulatory monitoring of wheat flour fortification by adopting a simple and relatively low-cost methodology to measure folic acid content through HPLC.
For the purposes of the effectiveness study described in this article, we measured the amount of folic acid in bread. One kilogram of bread (marraquetas and hallullas) was purchased over the counter at 50 bakeries randomly selected from the metropolitan area of Santiago 4 and 8 months after fortification started. Folate was extracted from bread using a modification of the trienzyme extraction method, and folate content was measured using a microplate adaptation of the microbiological assay at the University of Florida [23] . The mean folate content of the bread samples (n = 100) was 202 ± 94 µg per 100 g (2.02 mg/kg) of bread (range, 22 to 416 µg/100 g). Only 9/100 contained < 37 µg of folic acid/100 g, suggesting that these samples were made from unfortified flour [23] . Therefore, the distribution of the values indicated that the wheat flour was fortified 4 months after the law was passed.
Folic acid consumption from bread and changes in blood folate concentration levels
The Maternal Infant Health Program of the National Health Service covers at least 70% of the Chilean population and is based on Outpatient Primary Care Clinics, which are located throughout the entire country. Mothers regularly attend the program for pregnancy and healthy baby care control. A total of 751 women of childbearing age with at least one child and no family history of NTD who were assessed in three outpatient clinics in Santiago were studied. Women were recruited and assessed from October to December 1999 (prefortification), and evaluated again between October and December 2000 (postfortification). Of the initial 751 women, 605 (81%) completed the follow-up. In this latter group of women (n = 605), average bread consumption was estimated based on a combination of a 24-hour recall and a food-frequency questionnaire specifically designed to assess intake of bread, other wheat flour-based foods, folic acid-fortified foods, and vitamin supplements. Estimated folic acid intake was calculated based on bread consumption derived from the mean value of data obtained from the questionnaires and the mean folate content of bread. The effect of fortification on blood folate concentrations was evaluated in a follow-up study. Serum folate, vitamin B 12 , and folate red blood cell concentrations were analyzed using a Bio-Rad Laboratories QuantaPhase II Folate Assay kit.
Folic acid consumption
The estimated median bread intake was 245 and 239 g/day before and after fortification, respectively. On a daily basis, 98% of the women consumed bread, and 89% of these had intakes above 180 g/day. Furthermore, 97% of the bread analyzed, corresponding to the type of bread typically consumed in Chile, was industrially processed. None of the subjects consumed other folic acid-fortified foods, and none reported taking folic acid supplements. Mean folic acid intake was 427 µg/ day (95% CI, 409 to 445 µg/day) based on estimates of the daily intake of folic acid from fortified bread and reported consumption of the women studied. Almost half of them (48%) consumed over 400 µg of folic acid daily, only 3% had intakes below 100 µg/day, and the rest of the group (49%) had intakes varying between 100 and 400 µg/day [23] .
Changes in blood folate concentration levels
Evaluation of the folate nutritional status of the 605 women confirmed the improvement in folate intake, showing a remarkable increase in serum and red blood cell folate concentrations after the program was implemented. Prior to fortification, the mean serum and red blood cell folate concentrations were 9.7 ± 4.3 and 290 ± 10.2 nmol/L, respectively, compared with concentrations of 37.2 ± 9.5 and 707 ± 179 nmol/L postfortification (p < .0001). As expected, vitamin B 12 concentrations did not change during this time (266 ± 105 and 268 ± 165 pmol/L, respectively). The distribution curves for serum and red blood cell folate concentrations before and after fortification show a S234 E. Hertrampf and F. Cortés striking shift to the right ( fig. 1A and B) , in contrast to the vitamin B 12 distribution curves, which show no change (fig. 1C) .
These findings demonstrate that regular consumption of a folic acid-fortified staple food such as wheat flour is highly effective in improving folate status in women of childbearing age. Serum and red blood cell folate concentrations significantly increased after 10 months of consumption of folic acid-fortified wheat flour. This improvement in blood folate status is probably attributable to the consumption of folic acid-fortified wheat flour, given that the study group did not consume other folic acid-fortified foods. In addition, folic acid supplements were not taken by any of the study subjects, since the supplements had not been mandated or made available to this low-income population group by the Chilean public health system. Therefore, wheat bread fortified with folic acid was the main source of this nutrient in the population studied.
Folate deficiency in the group studied
Both Centers for Disease Control and Prevention (CDC) [24] and Institute of Medicne (IOM) [6] cutoffs for serum and red blood cell folate concentrations were used to determine the adequacy of these two nutrients in the study population. The prevalence of low folate levels (i.e., risk of deficiency) varied widely, thereby emphasizing the necessity to revise the criteria for defining folate deficiency (table 1). It is important to highlight that although the majority of the study population presented with low plasma and red blood cell folate concentrations before the fortification started, only five women presented with anemia associated with these low values, and no subjects presented with macrocytosis as measured according to mean corpuscular volume (Hertrampf E, unpublished observations). Therefore, their folate status was not as so inadequate as to cause clinical signs such as anemia.
Impact of folic acid fortification on an elderly population
In a group of Chilean elderly who were being followed up by a group of researchers at INTA at the same time as the start of the folic acid fortification, significant increases in serum folate levels after 6 months of fortification were reported [25] . Since this age group is at a higher risk for vitamin B 12 deficiency, increased intakes of folic acid provided by fortified wheat flour could be considered as a drawback to mass food fortification due to the risk of masking certain symptoms of vitamin B 12 deficiency (i.e., vitamin B 12 deficiency without anemia because of an increase in folic acid intake). Vitamin B 12 deficiency symptoms include anemia, neurological symptoms, or both. High doses of folic acid may correct the anemia associated with vitamin B 12 deficiency, given that folic acid and vitamin B 12 have a similar effect, and thus may lead to a delay in diagnosis of the underlying vitamin B 12 deficiency which would cause irreversible neurological damage. Experts worldwide accept that this is only likely to happen with folate intakes > 1 mg/day [6, 26] . Up to now, there is no evidence of harm when folic acid is supplied by fortified foods. Interestingly, in a recent study, a group of 1,573 elderly from the United States showed no evidence of an increase in low vitamin B 12 concentrations without anemia after fortification of cereals with folic acid [27] . In Chile, based on data suggesting that the elderly [23, 28] and women of childbearing age [22] are at risk for vitamin B 12 deficiency, a suitable approach to this problem might be to introduce vitamin B 12 fortification in addition to folic acid fortification of wheat flour. It is important to note that folate deficiency is also widespread in the elderly [28] ; therefore, correcting hyperhomocysteinemia through folic acid fortification might considerably reduce deaths from coronary heart disease and stroke. 
Changes in NTD frequency
It has been shown that blood folate levels are correlated with folate consumption and appear to be correlated with NTD rates as well [29, 30] . Nevertheless, blood folate levels are still an intermediate outcome. The real measure of the impact of increased folic acid consumption should be the reduction of NTD rates. Therefore, as a means of evaluating the effectiveness of the program, we decided to determine whether the prevalence of NTD declined after mandatory folic acid fortification.
In Chile, 99% of deliveries occur in institutional settings, and 80% of these are under the National Public Health System. About 40% of congenital malformations are diagnosed in prenatal controls; however, termination of pregnancies and therapeutic abortions are forbidden by law. A neonatal screening program for phenylketonuria and congenital hypothyroidism covers 98% of national births. In addition, NTD registry is part of regular neonatal care; thus, it is difficult for NTD to escape diagnosis, as they are considered serious anomalies. Newborns with spina bifida are normally discharged after undergoing surgery. In addition, stillbirths must be audited, and autopsies are mandatory for all cases.
In 1998, the only surveillance system in place for congenital malformations in Chile was ECLAMC [17], which usually registers around 7% of all births that occur in the country from three maternity hospitals, none of them corresponding to public maternity hospitals in Santiago. Given that birth certificates do not include information about malformations, and that the Chilean health system does not include a National Birth Defects Registry, we established a hospital-based surveillance system in the nine public hospitals existing in Santiago in order to register NTD. The registry prospectively included all births, including live births, and stillbirths with birthweights > 500 g, beginning in the year 1999. The number of births in these hospitals is approximately 60,000 per year, accounting for 60% of births in Santiago and 25% of births throughout Chile. The aforementioned features of the Chilean health care system give potential strength to the surveillance system, because sources of underestimation of NTD, such as termination of affected pregnancies and inadequate stillbirth registry, are not of concern.
In each hospital, one member of the staff (a neonatologist or registered nurse) was recruited and trained by the research team to review all birth documentation and then to register and describe all NTD. A specially trained clinical geneticist was hired to monitor the correct registration of NTD during the 4 years of registry. The types of NTD registered in this time period were anencephaly, encephalocele, and spina bifida. All data obtained were reviewed monthly using the following sources: audits for death under 1 year of age, fetal death audits, hospital discharge reports, book of deliveries, registry of newborns, registry of malformed newborns, registry of stillbirths, autopsy protocols, and clinical records. Validation of the collected data was periodically performed by the rest of the research team through the described sources. Total prevalence rates were calculated as total number of NTD per 10,000 births.
Folic acid fortification was mandated by January 2000, and compliance was verified by April 2000 by assaying the folic acid content of bread. Therefore, the NTD data were divided into two temporally defined groups: the prefortification period, including data from January 1999 to December 2000, given that neural tube development of babies born in that period was not exposed to folic acid fortification; and the postfortification period, including data from January 2001 to December 2002.
The results showed that the total NTD rate decreased (table 2) . Consequently, it was concluded that wheat flour fortification with folic acid is feasible at a national scale, and has a high effectiveness in the prevention of NTD in a short period of time.
Cost-effectiveness
An ex-post economic evaluation of the program was conducted. In undertaking this cost-effectiveness analysis, we followed the guidelines provided by the Disease Control Priorities Project supported by WHO, the World Bank, and the US National Institutes of Health. In addition, we calculated the averted costs of care from prevention of live births with spina bifida.
Estimates of the effect of fortification in decreasing NTD and deaths were derived from the prospective evaluation. Costs included in this analysis were those assumed by the milling industry (adding folic acid and quality control), and costs averted per case of prevented spina bifida (medical care, surgery, and rehabilitation for 20 years). Costs not included in this analysis were those of the milling industry infrastructure (because it already existed), costs of additional medical complications, and indirect economic and emotional costs to family members and caretakers. Although the latter costs present a huge burden for affected individuals, family members, and society in general, they are very difficult to express in numbers. Results have shown that the cost of folic acid fortification per woman of reproductive age receiving the target intake of 400 µg/day was only US$ 0.16 per year. The costs in international dollars (I$) per NTD case and infant death averted were I$1,200 and I$11,000 respectively. The cost per disability-adjusted life year (DALY) averted was I$91 (3% discount), which is 0.8% of the country's per capita GDP (I$11,265). Fortification resulted in net cost savings of I$1.8 million [31] . Fortification of wheat flour with folic acid is a cost-effective intervention in Chile, a middle income country in the postepidemiological transition. This result supports the continuation of the Chile fortification program, and constitutes valuable information for policy makers in other countries to consider.
Conclusions
In Chile, fortification of wheat flour with folic acid has proven to be an effective and cost-saving strategy to improve folate status in the population, and for the primary prevention of NTD in a dramatically short period of time.
Possible key factors of success
Some possible key factors responsible for the success of this intervention are the existence of a group of academics who advocated for the implementation of a national folic acid fortification program and provide continuous support for its maintenance; the passing of a law by legislators for flour fortification; the willingness of the milling industry to accept the addition of folic acid to the premix in use and incur additional costs; the low cost of the program; and the scientific collaboration and financial support from international agencies throughout all stages of the intervention.
Areas needing future research
1. Is it possible to improve the degree of prevention we have already reached with folic acid fortification of wheat flour? According to efficacy studies, 70% of NTD are preventable by controlled folic acid supplementation. However, results from effectiveness studies in Canada, the United States, and Chile have shown a 40% reduction in the NTD rate by fortification. It is not clear whether the current ceiling could be raised by modifying certain factors, such as removing technical and practical barriers in the fortification process, improving vitamin B 12 status in women of reproductive age, or others. 2. Assessment of medium-and long-term effects of increased folic acid intake on vascular pathologies of adulthood, pregnancy, and others. 3. Surveillance of unknown, possibly deleterious effects of folic acid fortification.
